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Purpose: To investigate the differences between and variations across time in corneal 
topography and ocular wavefront aberrations in young Singaporean myopes and emmetropes.  
Methods: We used a videokeratoscope and wavefront sensor to measure the ocular surface 
topography and wavefront aberrations of the total eye optics in the morning, mid-day and late 
afternoon on two separate days.  Topography data were used to derive the corneal surface 
wavefront aberrations.  Both the corneal and total wavefronts were analysed up to the 4th radial 
order of the Zernike polynomial expansion, and were centred on the entrance pupil (5 mm).  The 
participants included 12 young progressing myopes, 13 young stable myopes and 15 young age-
matched emmetropes.   
Results: For all subjects considered together there were significant changes in some of the 
aberrations terms across the day, such as spherical aberration ( 04Z ) and vertical coma (
1
3
Z ) 
(repeated measures ANOVA, p<0.05).  The magnitude of positive spherical aberration ( 04Z ) was 
significantly lower in the progressing myope group than that of the stable myopes (p=0.04) and 
emmetrope group (p=0.02).  There were also significant interactions between refractive group 
and time of day for with/against-the-rule astigmatism ( 22Z ).  Significantly lower 4
th order RMS 
of ocular wavefront aberrations were found in the progressing myope group compared with the 
stable myopes and emmetropes (p<0.01).   
Conclusions: These differences and variations in the corneal and total aberrations may have 
significance for our understanding of refractive error development and for clinical applications 
requiring accurate wavefront measurements. 
 
Keywords: ocular surface topography, ocular wavefront aberrations, spherical aberration  
3 
 
 
Introduction 
The total optics of the eye are primarily comprised of the anterior corneal and internal (posterior 
cornea and crystalline lens) components.  The development of videokeratoscopes and wavefront 
sensors has allowed us to consider not only the sphere and astigmatism errors of these optical 
components, but also the higher order aberrations.  Like many developed Asian countries, 
Singapore has a high prevalence of myopia in its younger population.1-3   It is therefore of 
interest to understand the natural differences between and variations in the optical characteristics 
of the eyes of younger Singaporeans with various types of refractive error. 
 
Cheng and colleagues4 measured the variability of optical aberrations in the time scales of 
seconds, minutes, days and months and found increased variability in aberration maps over days 
and months as compared to within a day.  They suggested that optical fluctuations of the eye 
were larger over longer time scales and these fluctuations reflected the genuine long-term 
changes in the optical characteristics of the eye.  Thibos and colleagues5 reported minimal daily 
variation and insignificant differences between days in the optical aberrations measured in three 
subjects.  In another study of changes in corneal and ocular aberrations over a week by Miranda 
O’Donnell and Radhakrishnan,6 no significant differences were found.   
 
Diurnal variations in corneal curvature have been reported and it has been found that central 
cornea is flattest in the morning and steepens slightly throughout the day.7-10   Read, Collins and 
Carney11 showed significant diurnal variations in corneal topography and certain corneal 
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aberrations.  Small but statistically significant changes were found throughout the day in oblique 
astigmatism ( 22
Z ), as well as in 3rd order oblique trefoil ( 33
Z ) and vertical coma ( 13
Z ).  
With/Against-the-rule astigmatism ( 22Z ) was reported to change significantly over the week, but 
not during the day.   
 
Buehren, Collins and Carney12 presented data showing significant changes in corneal topography 
and optics after reading for one hour and these changes showed an association with the eyelid 
position, especially the upper eyelid.  Significantly greater changes were found in progressing 
myopia than emmetropia in corneal aberrations after two hours reading.13   Changes in corneal 
wavefront aberrations were also apparent following 60 minutes of reading, microscopy and 
computer work and varied with the nature of the visual task.14   
 
It is often assumed that the optical properties of the eye are relatively constant over time.  
However as our ability to measure the optics of the eye becomes more sophisticated, it is 
becoming clear that small variations do occur in the optics of the eye due to diurnal and task-
related factors.  In this study, we were interested to measure the corneal and total optics of the 
eye on two days of a week and in three groups of young Singaporean subjects, emmetropes, 
stable myopes and progressing myopes.  The natural variations of the optics of the eye are of 
significance in determining all forms of refractive error correction and may potentially have a 
role in refractive error development. 
 
 Methods 
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We recruited three groups of young adult subjects from the students of the Singapore Polytechnic.  
The daily visual tasks of the subjects were therefore primarily attending classes (including 
lectures, tutorials, practicals/clinical training sessions), computer work and reading.  Informed 
consent was obtained from all participants and the experiment conformed to a protocol approved 
by the Human Research Ethics Committee of the Singapore Polytechnic.   
 
The refractive error grouping of the subjects was based upon subjective refraction and included: 
(a) emmetropia with refractive error in the range from +0.50 D to –0.25 D and a change in 
refractive of 0.25 D or less in the previous 12 months, (b) stable myopia with refractive error 
greater than –1.50 D and the myopia had progressed by no more than 0.25 D in the previous 12 
months period, and (c) progressing myopia with refractive error greater than –1.50 D and the 
myopia had progressed by 0.50 D or greater in the previous 12 months period.  There was no 
limitation on the magnitude of astigmatism with a range from 0.25 D to 3.50 D, and no subject 
had more than 1.25 D of anisometropia.  
 
 
Fifteen subjects were emmetropes with mean spherical equivalent of +0.2 D (range of +0.50 D to 
–0.25 D), thirteen were stable myopes with mean spherical equivalent of –4.43 D (range of –2.50 
D to –6.50 D) and twelve were progressing myopes with mean spherical equivalent of –5.43 D 
(range of –2.00 D to –8.00 D).  All subjects had normal, healthy eyes, no history of refractive 
surgery and visual acuity of at least 0.0 logMAR in each eye.  Subjects were asked not to 
perform any substantial near work tasks prior to the morning measurement session at around 9 
am, given that even short term near tasks can result in changes in higher order aberrations.13, 15  
No contact lens wearers were used in the study, since corneal shape is likely to be altered by 
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contact lens wear and the cornea may not show the same diurnal changes as subjects who do not 
habitually wear contact lenses.   
  
The wavefront aberrations of the eye were measured with a Hartmann-Shack (HS) wavefront 
sensor, the Complete Ophthalmic Analysis System (COASTM, WaveFront Sciences, Inc., 
Albuquerque, NM, USA).  This wavefront sensor has been shown to provide repeatable and 
accurate measurements.16-18 The corneal topography of the eye was obtained with a Medmont 
E300 videokaratoscope (Medmont Pty Ltd, Melbourne, Australia).  This videokeratoscope has 
good accuracy and repeatability.19, 20  Both corneal topography and wavefront aberration 
measurements were taken at three different times throughout the day on Monday and Thursday 
of the same week for each subject (total of six measurement sessions per subject).  
Measurements were made in the morning (around 9 am), lunch time (around 1 pm) and late in 
the afternoon (around 5 pm).  For each measurement session, multiple measurements (at least 24 
maps) of corneal topography of each subject were first recorded, followed by multiple 
measurements (at least 36 Hartmann Shack images) of the total wavefront aberration with natural 
undilated pupils.   
 
The subjects did not wear spectacles during wavefront aberration data collection (to minimize 
issues with spectacle magnification of the wavefront) and were instructed to focus on the 
instrument’s internal fixation target.  This resulted in little or no accommodation demand, since 
the instrument fixation targets project to infinity and the subject cohorts were either emmetropic 
or myopic.  The corneal topography was captured within 1 to 3 seconds after a blink to avoid the 
initial tear film build-up phase following a blink to achieve consistent results.21   
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Data analysis 
The multiple maps from the videokerotoscope and wavefront sensor were averaged, after 
excluding poor quality maps assiociated with factors such as poor tear quality, blinking and poor 
fixation.  Natural pupil diameters during the data acquisition were always greater than 5 mm or 
the subject’s data was not included.  A fixed 5 mm pupil diameter was used for subsequent 
analysis.  The right eye was used for analysis for the emmetropes and stable myopes and the 
fastest progressing eye was used for analysis for the progressing myope group. 
 
Customized software written in MATLAB was used to analyze the videokeratoscopy data to 
estimate the ocular surface wavefront aberrations for a 5 mm entrance pupil diameter.  This was 
achieved by performing a 3D ray trace around the line of sight that was assumed to be at the 
centre of the entrance pupil.  The coordinates of the centre of the entrance pupil were measured 
from the videokeratoscopy raw digital image.  Zernike wavefront aberrations for the anterior 
corneal surface and total eye optics were calculated up to the 4th radial order for a 5 mm pupil 
size.  The OSA nomenclature for Zernike polynomials was used.22  Asymmetric Zernike terms 
from the left eye were all rotated to right eye format, to make them comparable between 
subjects.23  We estimated the internal wavefront of the eye (ie primarily posterior cornea and 
crystalline lens) by subtracting the corneal wavefront from the total wavefront.24 
 
The root mean square (RMS) values were calculated for 2nd order (astigmatism terms, excluding 
the defocus), 3rd order, 4th order and total high order (3rd and 4th order) (HOA).  Repeated-
measures ANOVA were performed to examine the statistical significance of variations in corneal 
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and total aberrations over the time (within-subjects factor) and between refractive error groups 
(between-subjects factor).   
 
Results 
Refractive error group 
A total of 40 young subjects participated in this study with a mean age of 19.2 +/– 1.2 years 
(range of 18 to 24 years).  Details of the participant’s refraction, age and gender are given in 
Table 1.  Both stable and progressing myope groups had significantly higher spherical 
equivalents than the emmetrope group (both p<0.001).  However, no significant difference was 
found between stable and progressing myope groups for their spherical equivalent.  Progressing 
myope group had significantly higher astigmatism than emmetrope group (p=0.02).  No 
significant difference in astigmatism was found between stable and progressing myope groups, 
or between emmetrope and stable myope groups.  All eyes were matched in groups of age with 
no significant difference between the groups (all p>0.32), but were not matched for gender 
(Table 1).   
 
The mean magnitude of wavefront aberrations of 2nd to 4th Zernike order measured from the 
ocular surface and the total optics of the eye in the emmetrope, stable myope and progressing 
myope groups is presented in Table 2.     
 
A significant difference between refractive error groups was found in the total wavefronts for 
some Zernike terms (Table 2).  The magnitude of total with/against-the-rule astigmatism ( 22Z ) in 
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both of the stable and progressing myope groups were larger than that of the emmetrope group 
(p=0.06 and p=0.01 respectively).  The magnitude of ocular horizontal coma ( 13Z ) in the 
progressing myope group was significantly different (opposite direction) from that measured in 
the stable myope group (p<0.001).  The magnitude of ocular spherical aberration ( 04Z ) in the 
progressing myope group was significantly less positive than that of stable myopes (p=0.04) and 
also less positive than the emmetrope group (p=0.02).  Significantly lower with/against-the-rule 
secondary astigmatism ( 24Z ) was also found in the progressing myope group compared with the 
stable myope group (p=0.04).   
 
There were no significant differences between refractive error groups in the corneal surface 
wavefronts (all p>0.05).  The magnitude of ocular surface with-the-rule astigmatism ( 22Z ) in 
both myope groups (stable and progressing) was larger than that of the emmetrope group, but the 
difference was not statistically significant (both p>0.1).  The magnitude of ocular surface 
horizontal coma ( 13Z ) in the progressing myope group was larger than that of the stable myope 
group and the difference approached statistical significance (p=0.06). 
 
By subtracting the corneal surface wavefront from the total wavefront we also investigated the 
contribution of the internal optics in the three refractive error groups (Table 2).  The corneal 
with/against-the-rule astigmatism ( 22Z ) in the emmetropes was –0.283µm in magnitude and that 
was partly compensated by the internal optics to leave –0.091µm of with-the-rule astigmatism 
( 22Z ) for the total optics of the eye.  This effect was not observed in the two myopic groups 
where most corneal astigmatism was also present in the total optics.  For 3rd order horizontal 
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coma ( 13Z ), some internal compensation effect was found in the emmetrope group (0.021µm in 
the ocular surface versus 0.010µm in the total eye).  Whereas the internal optics induced more 
horizontal coma ( 13Z ) in both myope groups, with more positive coma for the stable myopes and 
more negative coma for the progressing myopes.   
 
The positive corneal spherical aberration ( 04Z ) in the progressing myope group was 0.069µm and 
was moderately compensated (–0.02µm) by the internal negative spherical aberration ( 04Z ) to 
become 0.049µm for the total eye optics.  Whereas for the emmetrope and stable myope groups, 
the internal optics contributed more positive spherical aberration ( 04Z ) of +0.025µm and 
+0.010µm respectively, to the total optics.  The difference in the internal spherical aberration 
( 04Z ) between progressing myopes and emmetropes was statistically significant (p<0.05). 
 
The RMS values of 2nd order (astigmatism), 3rd order, 4th order, and HOA are shown in Figure 1 
for aberrations measured from the ocular surface, total wavefronts and internal optics of the eyes 
for the emmetropes, stable myopes and progressing myopes.  No significant differences were 
found between these three groups in ocular surface wavefront RMS values of 2nd order, 3rd order 
and 4th order HOA aberrations.  The primary astigmatisms (RMS 2nd order) measured from the 
ocular surface in the progressing myopic group were approximately 1.5 times larger (~0.14µm) 
than that of the emmetrope group, but the difference was not statistically significant (p=0.12).   
 
There were significant differences between the three refractive error groups in total wavefront 
RMS values (p<0.05). The primary astigmatisms measured from the total wavefronts in the 
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stable and progressing myope groups were approximately 2.4 times larger (~0.33µm) than those 
of the emmetrope group and the differences were statistically significant (both p<0.02).  
Significantly lower 4th order RMS of total eye wavefronts were found in the progressing myope 
group as compared with those measured in the stable myope group (p<0.01) and emmetrope 
group (p<0.01), but no significant difference was found between the emmetrope and stable 
myope groups (p=0.62).  Total eye wavefronts HOA (3rd and 4th order) RMS in the progressing 
myope group were significantly smaller than those in the stable myope (p=0.03) and emmetrope 
groups (p<0.01). 
 
Time-related changes 
Analysis of the ocular surface wavefronts revealed significant temporal variations in certain 
Zernike terms.  Table 3 presents the results of repeated measures ANOVA of changes of corneal 
and ocular wavefront aberrations as a function of the time of day and the day of week in the three 
refractive error groups.  Significant time related variations were revealed in some of the higher 
order aberrations.  Spherical aberration ( 04Z ) measured from the ocular surface and the total eye 
optics both exhibited significant change as a function of the time of day (p=0.03 and p<0.0001 
respectively).  Corneal and total ocular vertical coma ( 13
Z ) showed significant change as a 
function of the time of day (p=0.04 and p=0.01 respectively).  A significant effect of day of the 
week difference (Monday versus Thursday) was also observed in corneal horizontal coma ( 13Z ) 
(p<0.001) and corneal spherical aberration ( 04Z ) (p=0.04).   
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Ocular surface wavefront HOA RMS, 4th order RMS and spherical aberration ( 04Z ) measured in 
the morning (AM), lunch time (NN) and in the afternoon (PM) sessions on Monday and 
Thursday of the measurement week are presented in Figure 2 for the emmetrope, stable myope 
and progressing myope groups and for the total eye wavefront in Figure 3. 
   
Discussion 
We have found some significant differences in the wavefront aberrations among the emmetrope, 
stable myope and progressing myope groups.  There was significantly greater with-the-rule 
astigmatism ( 22Z ) in the progressing myopic group compared with the emmetropes, but not in 
oblique astigmatism ( 22
Z ).  Similar results have also been reported for Singaporean children by 
Carkeet and co-workers,25 who also found greater with-the-rule astigmatism ( 22Z ) but not in 
oblique astigmatism ( 22
Z ) in young myopes, compared with emmetropes. Astigmatism has also 
been found to be associated with higher levels of myopia.26-28  
 
One of the major differences in HOA of the total eye optics found between the groups in this 
study was the 4th order aberrations and in particular, the spherical aberration ( 04Z ).  The 
magnitude of ocular spherical aberration ( 04Z ) of the emmetrope group was about 1.2 times and 2 
times greater (more positive) than the stable and progressing myope groups.  The ocular 
spherical aberration ( 04Z ) in the stable myope group was also found to be about 1.8 times greater 
than that of the progressing myopes.  Other studies29-31 have also found the spherical aberration 
( 04Z ) of emmetropes to be more positive than that of myopes.  Significantly higher levels of 
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positive spherical aberration ( 04Z ) have also been reported in hyperopes than in emmetropes and 
myopes.32-34   However, other studies of the relationship between monochromatic aberrations of 
the eye and refractive error have found no correlation between spherical aberration ( 04Z ) and 
refractive error.35   Carkeet and co-workers25 also found only small differences in spherical 
aberration ( 04Z ) between emmetropes and low myopes. 
 
Since the differences in the corneal spherical aberration ( 04Z ) between the three refractive groups 
in our study were small, this suggests that the difference found in the total spherical aberration 
( 04Z ) is due to the internal optics of the eye and in particular, the crystalline lens.  Cheng and 
colleagues 35 have noted that increased axial length should theoretically lead to greater levels of 
positive spherical aberration ( 04Z ) in myopia, not lower levels as we found.  In our study, we 
found that the internal optics contributed a slight positive spherical aberration ( 04Z ) in the 
emmetrope and stable myope groups, while for progressing myopes the internal optics 
contributed significant levels of negative spherical aberration ( 04Z ).  Recent evidence suggests 
that just prior to, and during the early development of myopia, the crystalline lens undergoes a 
marked thinning and loss of power.36   It may be that the negative spherical aberration ( 04Z ) 
noted in the internal optics of progressing myopes in this study is related to these anatomical 
changes in the crystalline lens. 
 
We have found compensation of corneal aberrations by the internal optics in the Zernike terms of 
with/against-the-rule astigmatism ( 22Z ) and horizontal coma (
1
3Z ) in the emmetrope group (68% 
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and 52%), as well as spherical aberration ( 04Z ) in the progressing myope group (29%).  Artal, 
Benito and Tabernero37 found that horizontal coma ( 13Z ) was compensated mainly in hyperopic 
eyes and spherical aberration ( 04Z ) was partially compensated in most eyes.  Compensation of 
corneal aberrations by the internal optics to reduce overall aberrations were reported to be 41%, 
51% and  36% in Zernike terms of with/against-the-rule astigmatism ( 22Z ), horizontal coma (
1
3Z ) 
and 4th order spherical aberration ( 04Z ) respectively by Kelly, Mihashi and Howard.
38   However 
it should be noted that our study along with others in this area, makes the assumption that the 
centre of the entrance pupil is a common location in both the total and corneal wavefront maps.  
There is evidence of slight shifts in pupil centre with changing pupil size,39, 40  and this will 
introduce small errors in the comparison of corneal and total wavefronts if the pupil size is 
slightly different during corneal and wavefront measurement. 
 
We have found that the corneal HOA RMS increased significantly during the course of the day 
on Monday and this increase was primarily due to the significant increase of the 4th order RMS.  
Corneal spherical aberration ( 04Z ) showed significant increase in its magnitude during the day on 
Monday, but not on Thursday, although following the same trend.  The variations of corneal 
HOA, 4th order RMS and spherical aberrations ( 04Z ) were generally lesser on Thursday as 
compared to Monday, possibly reflecting different patterns of visual tasks between days.   
   
Vertical coma ( 13
Z ) showed a significant change over the course of the day. These changes are 
consistent with those reported by Buehren, Collins and Carney12 and Read, Collins and Carney11 
and appear to reflect lid induced changes in both the corneal and total optics. 
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In conclusion, we found that progressing myopes had significantly lower RMS of 4th order 
aberrations than stable myopic and emmetropic eyes.  Progressing myopes tended to have less 
positive spherical aberration ( 04Z ) than stable myopic and emmetropic eyes and this was due to 
more negative spherical aberration ( 04Z ) in the eye’s internal optics.  Spherical aberration (
0
4Z ) of 
both ocular surface and total eye optics increased significantly during the course of the day.  
Vertical coma ( 13
Z ) also showed significant changes during the day that are probably related to 
eyelid forces on the cornea.  Both internal and total astigmatism were more with-the-rule in the 
progressing myope group compared with the emmetropes.  Overall, these changes suggest that 
the optical characteristics of the eye of young Singaporean students do show systematic changes 
during the day and that small differences do exist in the higher order aberrations of emmetropes, 
stable and progressing myopes. 
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Table 1. Refractive errors, age and gender of the emmetrope, stable and progressing myope 
groups.   
All subjects 
(n=40) 
Sphere (D) Cylinder (D) SEq (D) Age (yrs) 
Gender 
M F  
Emmetropes 
(n=15) 
+0.18 ± 0.28 +0.05 ± 0.26 +0.20 ± 0.32 19.6 ± 1.5 73% 27% 
Stable myopes 
(n=13) -4.33 ± 1.42 -0.20 ± 0.44 -4.43 ± 1.45 19.1 ± 0.9 69% 31% 
Progressing myopes 
(n=12) -4.98 ± 2.35 -0.90 ± 1.24 -5.43 ± 2.75 19.3 ± 1.6 25% 75% 
 
Refraction and age data presented as mean ± SD.  Gender data presented as male percentage 
(M%) and female percentage (F%).  SEq – spherical equivalent refractive error.
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Table 2:  Magnitudes of Zernike coefficients measured from the ocular surface, internal optics and total wavefront of the eye in the 
groups of emmetropes, stable myopes and progressing myopes.  Values represent the mean of am, noon and pm measurements and the 
SD is in brackets under the mean value.  Asterisk with bold denotes a significant difference (Bonferroni adjusted post-hoc 
comparisons) when compared to the bold without asterisk in the same row/section.  * p<0.05; ** p<0.01   
Zernike Coefficients (µm) 
Corneal Surface 
 
Internal Optics Total 
Emmetropes Stable 
myopes 
Progressing 
myopes 
Emmetropes Stable 
myopes 
Progressing 
myopes 
Emmetropes Stable 
myopes 
Progressing 
myopes 
2
2
Z  
 
Oblique Astigmatism  
-0.005 
(0.07) 
0.0001 
(0.10) 
0.0001 
(0.08) 
0.044 
(0.16) 
-0.039 
(0.21) 
0.060 
(0.27) 
0.039 
(0.10) 
-0.039 
(0.12) 
0.060 
(0.23) 
2
2Z  
 
With/Against-the-rule 
Astigmatism  
-0.283 
(0.21) 
-0.326 
(0.22) 
-0.430 
(0.23) 
0.192 
(0.15) 
-0.043 
(0.30) 
-0.112* 
(0.35) 
-0.091 
(0.24) 
-0.369 
(0.47) 
-0.542* 
(0.54) 
3
3
Z  
 
Oblique Trefoil  
-0.019 
(0.04) 
-0.011 
(0.03) 
-0.011 
(0.02) 
-0.052 
(0.07) 
-0.036 
(0.06) 
-0.011 
(0.04) 
-0.071 
(0.09) 
-0.047 
(0.09) 
-0.022 
(0.05) 
1
3
Z  
 
Vertical Coma  
0.007 
(0.03) 
-0.008 
(0.05) 
-0.014 
(0.04) 
0.056 
(0.07) 
0.026 
(0.07) 
0.050 
(0.08) 
0.063 
(0.10) 
0.018 
(0.09) 
0.036 
(0.10) 
1
3Z  
 
Horizontal Coma  
0.021 
(0.03) 
0.004 
(0.02) 
0.014 
(0.02) 
-0.011 
(0.10) 
0.032 
(0.05) 
-0.041** 
(0.03) 
0.010 
(0.07) 
0.036 
(0.04) 
-0.027** 
(0.03) 
3
3Z  
 
Horizontal Trefoil  
0.001 
(0.02) 
0.007 
(0.03) 
0.005 
(0.03) 
0.011 
(0.06) 
0.009 
(0.09) 
-0.004 
(0.08) 
0.012 
(0.05) 
0.016 
(0.06) 
0.001 
(0.06) 
4
4
Z  
 
Oblique Quatrefoil  
-0.008 
(0.01) 
-0.005 
(0.01) 
-0.007 
(0.01) 
0.032 
(0.03) 
0.018 
(0.02) 
0.013 
(0.03) 
0.024 
(0.02) 
0.013 
(0.02) 
0.006 
(0.02) 
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2
4
Z  
 
Oblique Secondary 
Astigmatism  
0.006 
(0.01) 
0.008 
(0.01) 
0.005 
(0.01) 
-0.020 
(0.03) 
-0.018 
(0.03) 
-0.012 
(0.02) 
-0.014 
(0.02) 
-0.010 
(0.02) 
-0.007 
(0.01) 
0
4Z  
 
Spherical Aberration 
0.074 
(0.02) 
0.076 
(0.02) 
0.069 
(0.01) 
0.025 
(0.05) 
0.010 
(0.04) 
-0.020* 
(0.03) 
0.099* 
(0.06) 
0.086* 
(0.05) 
0.049 
(0.04) 
2
4Z  
 
With/Against-the rule 
Secondary Astigmatism 
-0.018 
(0.02) 
-0.020 
(0.01) 
-0.015 
(0.01) 
-0.009 
(0.03) 
-0.024 
(0.02) 
-0.004 
(0.01) 
-0.027 
(0.05) 
-0.044 
(0.04) 
-0.019* 
(0.02) 
4
4Z  
 
Quatrefoil  
0.006 
(0.02) 
0.001 
(0.01) 
-0.001 
(0.01) 
0.019 
(0.02) 
0.021 
(0.02) 
0.013 
(0.01) 
0.025 
(0.03) 
0.022 
(0.02) 
0.012 
(0.02) 
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Table 3:  P-values of repeated-measures ANOVA results (tests of within-subjects effect).   
 
 
Ocular Surface 
 
Total Optics of the eye 
Time of 
day  
Day of 
week 
Time*Group
Interaction 
Time of 
day 
Day of 
week 
Time*Group
Interaction 
2
2
Z  
Oblique Astigmatism  0.18 0.06 0.89 0.33 <0.05 0.62 
2
2Z  
With/Against-the-rule 
Astigmatism  
0.07 0.58 0.36 0.31 0.70 0.04 
3
3
Z  
Oblique Trefoil  0.12 0.84 0.61 0.83 0.49 0.27 
1
3
Z  Vertical Coma  0.04 0.94 0.61 0.01 0.87 0.66 
1
3Z  
Horizontal Coma  0.42 <0.001 0.57 0.43 0.61 0.63 
3
3Z  
Horizontal Trefoil  0.93 0.61 0.87 0.84 0.58 0.58 
4
4
Z  
Oblique Quatrefoil  0.31 0.91 0.08 0.68 0.85 0.21 
2
4
Z  
Oblique Secondary 
Astigmatism  
0.32 0.55 0.10 0.59 0.73 0.63 
0
4Z  
Spherical Aberration 0.03 0.04 0.25 <0.0001 0.68 0.99 
2
4Z  
With/Against-the-rule 
Secondary 
Astigmatism  
0.20 0.30 0.76 0.58 0.67 0.38 
4
4Z  
Quatrefoil  0.34 0.30 0.48 0.06 0.98 0.28 
HOA RMS (3rd and 4th order) 0.03 0.04 0.36 0.02 0.36 0.15 
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Figure captions 
Figure 1:  RMS values of 2nd (excluding defocus), 3rd, 4th order and HOA for aberrations 
measured from ocular surface (A), total optics of eye (B), and internal optics (C) in emmetrope, 
stable myope and progressing myope groups.  Error bars indicate the standard error of mean. 
 
Figure 2:  Ocular surface RMS HOA (A), 4th orders (B) and spherical aberration (C) measured in 
the morning (AM), lunch time (NN) and in the afternoon (PM) sessions during the 2 days in 
emmetrope, stable myope and progressing myope groups.  Day 1 and 2 measurements were 
taken on Monday and Thursday respectively.  Error bars indicate the standard error of mean. 
 
Figure 3:  Total eye optics RMS HOA (A), 4th orders(B) and spherical aberration (C) measured 
in the morning (AM), lunch time (NN) and in the afternoon (PM) sessions during the 2 days in 
emmetrope, stable myope and progressing myope groups.  Day 1 and 2 measurements were 
taken on Monday and Thursday respectively.  Error bars indicate the standard error of mean. 
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Figure 2 
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Figure 3 
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